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Expression of MMTV proviral genes Horizontally transmitted exogenous proviruses are biologically active and give rise to further virus production, but vertically transmitted endogenous MMTV genes are mainly inactive. The expression of endogenous MMTV genes is restricted to a few Mtv loci (Traina-Dorge & Cohen, 1983) . The MMTV provirus associated with the Mtv-1 locus is present and expressed in the C3Hf and DBAf mouse strains (van Nie & Verstraeten, 1975; Verstraeten & van Nie, 1978) whereas the proviruses associated with the Mtv-2 and Mtv-3 loci are active in the GR mouse (Nusse et al., 1980; M ichalides et al., 1981) . Other M MTV proviral genes present in these mouse strains appear to be silent.
MMTV expression is tissue-specific and developmentally regulated. MMTV proteins and virus are mainly produced in the alveolar cells of the mammary gland during pregnancy and in mammary tumours (Van Nie & Dux, 1971; Nandi & McGrath, 1973; Varmus et al., 1973; Schlom et al., 1973; Osterreith et al., 1979; Kozma et al., 1980; McGrath et al., 1978; Michalides et al., 1978) . The tissue preference, locus specificity and hormonal inducibility of the MMTV proviral genes are attractive aspects for molecular biological investigation.
Tissue-specific methylation and locus-specific expression of proviral DNA Although the endogenous MMTV proviruses are very similar, there are striking differences in expression among individual proviruses. This suggests that the differences in biological activity are not the result of the primary DNA sequence but rather may depend upon additional regulatory factors. Differences in chromatin structure may be a cause of the differential MMTV expression of endogenous proviruses present at different chromosomal locations .
DNA methylation has been implicated as a structural modification correlated with a lack of gene expression (Ehrlich & Wang, 1981; Cooper, 1983) , possibly as a result of an altered chromatin configuration (Razin & Cedar, 1977) . The methylation of the MMTV proviral genes in different organs of various inbred mouse strains was characterized by a combination of restriction enzyme digestion and Southern blotting. The restriction endonucleases HpalI and MspI both recognize and cleave the tetranucleotide CCGG, but HpalI is selectively inhibited by methylation of the internal cytosine residue. The methylation of individual endogenous MMTV genes can be determined by double digests with EcoRI and HpalI. EcoRI cuts once in the MMTV gene (Shank et al., 1978) and generates locus-specific fragments unique to each MMTV gene copy (Cohen & Varmus, 1979; Hynes et al., 1980; Traina et al., 1981) . In the EcoRI/HpalI double digest, the characteristic EcoRI fragments are conserved if all the HpalI sites are methylated, but if one or more HpalI sites are unmethylated, a HpalI/EcoRI double digest results in the loss of the characteristic EcoRI fragment. A schematic representation of the principle is shown in Fig. 1 .
Genomic DNA from various organs was digested with EcoRI and HpalI and analysed by Southern blotting and hybridization. Hybridizations were performed using either a MMTV gene probe or a probe specific for the cellular integration site of the provirus. This approach revealed discrete tissue-and locus-specific differences in the methylation pattern of the endogenous MMTV genes present in five different mouse strains (Gfinzburg & Groner, 1984; Giinzburg et al., 1984) . A summary of the data obtained is presented in Table 1 . The Mtv-8 locus is an example of a locus methylated in all tissues of all mice examined. In contrast, the Mtv-20 locus is hypomethylated in all tissues examined. A tissue-specific methylation pattern is detected at the Mtv-2 locus which is fully methylated in liver tissue and hypomethylated in mammay glands and mammary tumours. This study demonstrates that a defined sequence of DNA changes its methylation pattern in a tissue-and locus-specific manner.
Since the MMTV genes are very similar, the differences in methylation are most likely not due to the proviral DNA sequence but rather to the chromosomal location at which the MMTV gene has integrated. The methylation of flanking mouse cellular D NA in the vicinity of the individual integration sites, both before and after the integration event, is similar to that of the MMTV genes. These data suggest that the methylation of proviral DNA is imposed upon the provirus by the site at which the provirus integrates (Giinzburg & Groner, 1984 given mouse strain to be determined simultaneously.
compatible with studies on the DNase I sensitivity of chromatin. Exogenously integrated MMTV appears to be packaged into chromatin in a configuration similar to that of the surrounding genomic DNA (Feinstein et al., 1982) .
Experiments were carried out to correlate the state of methylation of individual proviral loci with MMTV expression. In the adult GR mouse, at least two Mtv loci, Mtv-2 and Mtv-3, are transcriptionally active. Mtv-2 is implicated in virus production in the mammary alveolar cells, and in mammary tumour formation (Michalides et al., 1978) . Mtv-3 is responsible for the * The methylation pattern of MMTV proviral copies endogenous to the mouse strains GR, C3H, 020, FM/JmsA, C57BL and BALB/c was investigated in various tissues using the double digestion technique outlined in Fig. 1 . Digestion with the restriction enzyme EcoRI yields two MMTV-specific fragments (kb) characteristic of production of gag antigens in the mammary glands (Nusse et al., 1980) . The MMTV proviruses associated with both the Mtv-2 and the Mtv-3 loci are hypomethylated in the mammary gland, whereas they are methylated in non-expressing liver tissue (Gfinzburg & Groner, 1984;  Table 1 ). An analogous observation was made when transcriptionally active transfected MMTV copies were compared to transcriptionally inactive endogenous MMTV genes in the same cell. The active genes were hypomethylated but the endogenous genes were largely methylated . Similarly, MMTV genes acquired by milk-borne infection are hypomethylated and transcriptionally active (Cohen, 1980; Cohen & Varmus, 1980; Etkind & Sarkar, 1983; Fanning et al., 1982; G/Jnzburg & Groner, 1984; Gfinzburg et al., 1984) . These examples suggest a correlation between MMTV hypomethylation and expression. The Mtv-20 locus, however, is hypomethylated in the liver of the GR mouse but not expressed (see Table 1 ). Thus, hypomethylation appears to be a prerequisite, but not a sufficient condition, for gene expression.
The tight control over the methylation pattern of MMTV proviral DNA appears to be limited to differentiated tissues in vivo. There is a loss of methylation specificity in mammary carcinomas (see Table 1 ). It seems that this loss of methylation specificity is a general feature of rapidly growing cells. It was observed in mammary turnouts, in simian virus 40 (SV40)-transformed GR primary liver cells, and in regenerating liver after partial hepatectomy (Gfinzburg & Groner, 1984 , Gfinzburg et al., 1984 Groner et al., 1985) . The general demethylation of MMTV proviral information was accompanied by an increase in MMTV expression. In both the SV40-transformed primary liver cells and the regenerating liver, this expression must be a result of the activation of endogenous MMTV proviral copies.
In conclusion, DNA methylation may serve as an indicator of transcriptionally active and inactive chromosomal domains. The methylation pattern is regulated during differentiation and forms one level of control over the expression of the endogenous MMTV genes, possibly through its influence on chromatin structure (Weintraub & Groudine, 1976; Felsenfeld & McGhee, 1982; Doerfler, 1983) .
The Mtv-8 locus encodes a defective proviral gene
Differences in chromosomal location appear to explain variations in MMTV gene expression. Although there are no gross morphological differences between individual MMTV gene copies, restriction enzyme polymorphisms have been detected. Subtle alterations in the coding potential could also be responsible for the different biological activities of MMTV proviruses. Such mutations could possibly lead to the inactivation of viral expression. This possibility was investigated using the MMTV provirus associated with the Mtv-8 locus.
Mtv-8 is present in most inbred mouse strains. It is methylated in all tissues examined and is transcriptionally inactive (Traina-Dorge & Cohen, 1983; Gfinzburg & Groner, 1984; Gfinzburg et at., 1984;  Table 1 ). The cloning of the entire gene and its reintroduction into cultured cells (Hynes et al., 1981a) made it possible to examine its biological potential. Transfection of the cloned, unmethylated DNA into both homologous and heterologous cell lines resulted in the the genomic location (locus) of individual MMTV proviral copies. Double digestion with EcoRI and the methylsensitive HpalI allows the methylation status of these proviral copies to he determined. Retention of the EcoRI fragment after an EcoRI/HpalI double digestion identifies the fragment as being methylated. This is indicated in the table with a +. Conversely, the loss of the characteristic EcoRI fragment after double digestion identifies the fragment as being hypomethylated. This is indicated in the table with a -. EcoRI fragments that show a reduction in intensity after an EcoRI/Hpall double digestion indicate the presence of both methylated and hypomethylated MMTV proviral copies in the same tissue and are marked §. (1980 ), 12Cohen et al. (1979b ), 13Long et al. (1980 ), J4Callahan et al. (1984 ), 15Vaidya et al. (1983 ), 16Varmus et al. (1973 ), tVTeramoto et al. (1980 , 1sOur unpublished data.
The MMTV-specific RNA expression in tissues of the GR, O20, C57BL and BALB/c mouse strains was investigated using the dot blot RNA hybridization procedure : RNA was denatured, dotted onto nitrocellulose, and hybridized to a radioactively labelled MMTV-specific probe. The presence of MMTV-specific RNA is indicated in the table by +. synthesis of seemingly normal MMTV transcripts (Groner et al., 1979; Hynes et al., 1981b; Ponta et al., 1983) . Immunoprecipitation of the MMTV-specific proteins suggested a mutation in the env gene. Virus-producing mammary tumour cells produce three env-related proteins: the env precursor gPr73 e"v, and the mature env proteins gp52 and gp36 . The Mtv-8-transfected cells synthesized only one env-related protein with an apparent molecular weight of about 68 000 (Salmons, 1984) . A premature termination codon located 68 codons prior to the normal termination site has been detected by DNA sequencing (Redmond & Dickson, 1983; G. Knedlitschek, personal communication) . Presumably the lack of the carboxyl terminus affects the processing of this protein. This defect may contribute to the inability of this proviral copy to direct the synthesis of mature viral particles, and is an example of functional inactivation by a point mutation. Similar inactivation has been observed for other mouse proviruses (Hoffmann et al., 1982; Copeland et al., 1984) .
To determine if the processing defect indeed prevents virus production, a hybrid molecule was constructed in which the env region of Mtv-8 was replaced by the env region of an exogenous proviral copy (Mtv-2). The hybrid provirus was transfected into feline kidney cells and directed the synthesis of apparently normal gag and env proteins. Furthermore, virus particles were detected in the culture medium from transfected cells Salmons, 1984) . Since the feline cells do not contain endogenous MMTV proviruses, the virions could only have arisen from the transfected gene. This is the first demonstration of the production of virions after transfection of a cloned MMTV gene into cultured cells.
Hormonal regulation of MMTV expression
The hormonal stimuli that control the development of normal mammary glands (Topper & Freeman, 1980) may be involved in the changes in chromatin structure and DNA methylation observed during differentiation. In certain mouse strains mammary gland development is accompanied by MMTV transcription (Van Nie & Dux, 1971 ; Nandi & McGrath, 1973 ; Pauley et al., 1978 Pauley et al., , 1979 , suggesting an interaction between MMTV expression and hormones.
When virus-producing mammary tumour cells were cultured, it became possible to examine the effect of hormones on MMTV expression in vitro. Cell lines produced increased amounts of virions when treated with glucocorticoid hormones (Fine et al., 1974; Dickson et al., 1974; Parks et al., 1974) . Upon addition of hormone the rate of MMTV RNA synthesis was rapidly increased (Ringold et al., 1977; Young et al., 1975 Young et al., , 1977 Ucker & Yamamoto, 1984) . A more refined analysis became possible through molecular cloning and transfection experiments. Cells transfected with either an endogenous proviral gene (Mtv-8) (Hynes et al., 198la, b) or an exogenous proviral gene (Mtv-2) (Buetti & Diggelmann, 1981) expressed MMTV RNA and responded to glucocorticoid hormone. These experiments strongly suggested that a hormone response signal is part of the proviral gene and that hormone action is not mediated by the flanking DNA .
It was suspected that the hormonal regulatory signals might be associated with the transcriptional promoter sequences located in the LTRs. This was experimentally verified by recombination in vitro of the LTR sequence with several indicator genes and transfection of the chimeric DNA into recipient cells (Lee et al., 1981; Huang et al., 1981; Groner et al., 1982; Ostrowski et al., 1983; Chapman et al., 1983) . Glucocorticoid-regulated transcripts of the chimeric constructs were correctly initiated at the LTR start site. The chimeric MMTV LTR-tk construct used by Hynes et al. (1983) contained two promoter sequences, one in the MMTV LTR and a second located 400 nucleotides downstream. The second initiation site is associated with the authentic thymidine kinase (tk) promoter. Both RNA initiation sites are used and are hormonally regulated in transfected cells. Thus the hormonal regulation can be conferred upon genes adjacent to the LTR. To define a minimal DNA sequence capable of conferring hormonal regulation onto adjacent promoters, the M MTV LTR-tk construct was subjected to mutagenesis in vitro. MMTV LTR sequences were removed in a step-wise fashion. One deletion series was made to define the sequence requirements upstream of the LTR cap site (A5') ( Fig. 2, constructs  1 to 3) . A second deletion series (A3') was made to investigate the involvement of the proviral promoter region in hormonal regulation and to define the 3' boundary of the hormonal control sequence (Fig. 2, constructs 4 to 6) . The mutant molecules were stably transfected into cultured Fig. 2 . Description of the chimeric MMTV LTR plasmids used for the determination of the minimal DNA sequence requirements for glucocorticoid hormone induction (1 to 3, 5' deletion series; 4 to 6, 3' deletion series) and the distance, orientation and position effect of the hormonal response element (7 to 10). Plasmid 1 was constructed from the 3' LTR of an exogenously integrated proviral copy by ligation of a herpes simplex virus tk gene to an EcoRI site located 202 nucleotides 3' of the LTR boundary. This construct contains two RNA initiation sites (LTR and tk) which are indicated by small arrows in the diagram. Hormonal inducibility upon gene transfer into L cells was quantified by the S 1 mapping procedure and the qualitative results are shown in the right-hand panel. Plasmids 2 and 3 were derived from plasmid 1 by deletion of LTR sequences 5' to the RNA initiation site . 202 nucleotides still support inducibility from the LTR and tk start sites (plasmid 2) whereas deletion up to position -37 (plasmid 3) abolishes induction. Plasmid 4 is functionally equivalent to plasmid 1 and supports induction at the LTR and tk starts. It was used as a basis to construct plasmids 5 and 6 in which 59 nucleotides (plasmid 5) or 65 nucleotides (plasmid 6) 5' to the LTR start site were deleted in the 3' direction (H. Ponta, N Kennedy, P. Skroch, N. E. Hynes & B. Groner, unpublished results) . Deletion of the LTR start site allowed the definition of a minimal sequence ( -59 to -202) with purely regulatory properties, i.e. the hormone response element. Plasmids 7 to 10 contain a mouse aglobin gene linked to the HRE at the 5' (plasmids 7 and 8) or at the 3' (plasmids 9 and 10) side. The position (5' or 3') and the orientation of the HRE with respect to the a-globin gene do not influence inducibility. The distance between the HRE and the regulated RNA starts can be varied from 59 nucleotides in plasmids 1 to 3 to about 1100 nucleotides in plasmids 7 to 10. cells and their ability to respond to hormone was determined. The amount of correctly initiated LTR and tk transcripts in cells grown with or without dexamethasone was quantified using the S1 mapping technique. Progressive deletions from the 5' end placed the limit of the hormone response sequence to -202 nucleotides from the RNA start site Buetti & Diggelmann, 1983; Majors & Varmus, 1983) . The hormonal influence on the levels of RNA transcription from the LTR and tk promoters was greatly reduced when 5' deletions extended further than -202 nucleotides. The residual hormonal stimulation was abolished at -37 nucleotides. A series of 3' deletions revealed that the proviral initiation site and the TATA element of the LTR promoter, as well as the AATAA signal, were not part of the hormone regulation sequence. 3' deletions affected the hormonal influence on tk promoter transcription when more than 59 nucleotides from the LTR initiation site were removed  H. Ponta, N. Kennedy, P. Skroch, N. E. Hynes & B. Groner, unpublished results) . Results consistent with these observations were obtained with a MMTV LTR-RSV LTR chimera. Replacement of MMTV sequences Y of position -59 by the equivalent Rous sarcoma virus (RSV) sequences did not interfere with hormonal induction (Majors & Varmus, 1983) . The deletion mutants thus define a minimal sequence of 143 nucleotides (-59 to -202) as the hormone response element (HRE).
Using other chimeric constructs, additional insights into the hormone response sequence requirements have been obtained. Majors & Varmus (1983) determined that although 190 nucleotides upstream of the MMTV cap site are required to confer hormonal regulation on a downstream promoter, small insertions and deletions around position 107 can be accommodated to a limited extent without functional consequence. An internal deletion and insertion series tested by Lee et al. (1984) also showed that the integrity of the sequence delimited by 5' and 3' deletions is not essential.
Glucocorticoid hormones associate with specific receptor molecules to form hormonereceptor complexes (Yamamoto & Alberts, 1976) . These complexes mediate the response of individual genes to hormonal stimulation (Ringold et al., 1975) . A direct interaction between the hormone-receptor complex and the MMTV gene increases its rate of transcription (Ringold et al., 1977; Groner et al., 1983a; Firzlaff & Diggelmann, 1984) . In vitro experiments using the purified glucocorticoid receptor and the MMTV gene sequences known to be required for a functional response in transfected cells have shown that a defined DNA sequence within the HRE indeed exhibits preferential hormone-receptor-binding affinity (Scheidereit et al., 1983; Payvar et al., 1983; Pfahl et al., 1983) . Two strong binding sites have been found between nucleotide positions -72 and -192 with respect to the LTR RNA initiation site (Scheidereit & Beato, 1984) . The concurrence of biological function in the transcription of transfected chimeras and receptor binding ability in vitro make it very likely that the association of regulated gene and receptor complex also plays an important role in transcriptional regulation in vivo.
The definition of the 5' and 3' boundaries of the HRE makes it possible to pose questions which concern the autonomy of the HRE with respect to the regulated promoter. Can an isolated HRE be used to confer hormone responsiveness to heterologous promoters? Can the distance, position and orientation of the HRE relative to the regulated promoter be changed? We have isolated an HRE-containing DNA fragment (nucleotides -52 to -236 of MMTV LTR sequences) and attached this fragment to the tk gene and the ~-globin gene. The HRE was attached to either the 5' or the 3' side of the indicator gene. Both possible orientations of the HRE at both ends of the indicator gene were constructed (Fig. 2 , constructs 7 to 10). Upon transfer of these chimeric constructs into L cells, hormone-responsive transcription of the indicator genes was observed. The results obtained with these constructs permit several conclusions. The HRE sequence is sufficient for hormonal regulation. The HRE acts on various heterologous promoters both in the syn or anti orientation. Hormone action is relatively insensitive to distance and can function over a distance of at least 1100 nucleotides. Thus, the HRE can be transposed as a functional element and acts 5' and 3' of an indicator gene, independent of orientation and distance (H. Ponta, N. Kennedy, P. Skroch, N. E. Hynes & B. Groner, unpublished results) . These properties allow the HRE to be described as a hormonedependent enhancer element.
A hormone-independent enhancer function ofMMTVproviral DNA may be involved in tumorigenesis The long latency (6 to 12 months) of mammary tumour development after exogenous viral infection and the apparent lack of an MMTV-encoded oncogene suggest an indirect involvement of MMTV in tumour induction. Tumours are largely clonal and may contain one or a few extra MMTV copies (Cohen et al., 1979a; . Proviral integration is thought to be non-specific with respect to cellular host sequences; however, the detection of common domains of integration of proviral DNA in tumour cells make the insertional activation of a cellular gene function a likely mechanism. Provirus-host junction fragments common to many tumours induced by MMTV in C3H or BR6 mice have been cloned. Specific Fig. 3 . Chimeric proviral MMTV DNA-tk plasmids which were used to demonstrate a hormonal induction effect of proviral DNA on adjacent genes (plasmids 1 and 2) and a hormone-independent, constitutive enhancement effect on the transcription of adjacent genes (plasmids 3 and 4). Intact proviral MMTV DNA was ligated with the tk gene. The tk gene was placed on the 3' side of the proviral gene in either orientation (plasmids 1 and 2) and the constructs were transfected into L cells. Transcription from the tk mRNA start site was quantified in cells grown with or without dexamethasone (Dex), by the SI mapping procedure. Transcription of the tk mRNA in plasmids 1 and 2 is hormonally inducible as indicated in the panel on the right. Ligation of the tk gene to the 5' side of the MMTV proviral gene in both possible orientations is shown in plasmids 3 and 4. The transcription of the tk gene becomes strongly enhanced in cells transfected with these plasmids. This enhancement is independent of hormone and might be comparable to the enhancement of the int-I and int-2 transcripts in MMTV-induced mammary tumours.
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RNA transcripts from these integration regions (int-1 and int-2 respectively) have been observed in mammary tumours but not in normal tissues (Nusse & Varmus, 1982; Peters et al., 1983; Nusse et al., 1984; Dickson et al., 1984) . The activation of int transcripts by MMTV integration occurs over considerable distances (up to 10 kb). The MMTV copies can be integrated on either side of the int locus but an orientation specificity of the integrated proviral DNA with respect to the int locus seems to exist. The 5' LTR of the integrated proviral DNA is always found proximal to the int gene. The transcriptional activation of the int locus may depend on this particular configuration, To test this concept experimentally, the position and orientation of a proviral gene with respect to a cellular gene has been reconstructed in vitro. Using constructs of whole proviruses linked to indicator genes (Fig. 3) , we have detected hormone-independent enhancement of genes in the vicinity of proviral DNA in transfected L cells. This enhancing effect was observed only in constructs resembling the integration situation found in mammary tumours. The proviral DNA stimulates the adjacent gene's transcription about 10-to 15-fold in L cells. We suggest that hormone-independent enhancement may be involved in int gene activation . What function can possibly be assigned to the activated cellular int transcript .9 Since tumours are endpoints of the tumorigenic process, questions may be posed about the cellular functions maintaining the turnouts and the chain of events which led to these tumours. Signal sequences within the proviral DNA which enhance the expression of a nearby int locus may be important for the maintenance of the tumour state. Mammary tumours are preceded by non-tumorigenic pre-neoplastic lesions of restricted growth potential (DeOme et al., 1959; Medina, 1973; Hilgers & Bentvelzen, 1981) . The early appearing tumours in GR and BR6 mice which develop as a result of milk-borne MMTV infection are pregnancy-dependent and regress between pregnancies. After about four pregnancies, the turnouts become established and progress autonomously, independent of the hormone status of the animal. Peters et al. (1984) found that activation of the int-2 gene may occur early in tumour development before progression to hormone independence.
The experiments described provide a molecular link between the structural features of mouse mammary tumour virus, its transcriptional control signals and events leading to mammary tumour formation. Integration of MMTV at the int-1 or int-2 loci may represent one of multiple steps required for the transformation of mammary epithelial cells. A functional analysis of the int-1 and int-2 genes may reveal their possible involvement in cell immortalization and transformation.
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Conclusion
Mouse mammary tumour virus has been extremely useful for the investigation of steroid hormone activation and the early steps of mammary tumorigenesis. We have dealt with some of the molecular mechanisms: transcriptional regulation and its correlation with DNA modification, glucocorticoid regulation of transcription and the hormone-independent enhancement of genes in the vicinity of proviral DNA. The expression of MMTV in many cell types from different species, infected or transfected in vitro, contrasts with the strong tissue specificity of MMTV expression in vivo. The investigation of the determinants of tissue specificity of MMTV expression will be of importance in the future.
